INTRODUCTION
============

Post-replicative methylation of cytosine at the 5-position (5mC) in DNA provides molecular basis of the epigenetic regulation of gene expression ([@gks714-B1]). However, spontaneous hydrolytic deamination of 5mC yields a mutagenic C→T transition at the CpG methylation sites that is frequently seen in inherited diseases and in the p53 gene in cancer cells ([@gks714-B2]). In mammalian cells, both mismatch-specific thymine-DNA glycosylase (TDG) and methyl-binding domain protein 4 (MBD4/MED1) prevent mutagenic impact of 5mC deamination by excising thymine from T•G mispairs that is replaced by cytosine in the base excision repair (BER) pathway ([@gks714-B3]). In BER, a DNA glycosylase binds to the abnormal base and catalyses cleavage of the base--sugar bond, generating an abasic site, which in turn is repaired by an apurinic/apyrimidinic (AP) endonuclease ([@gks714-B4]). MBD4/MED1 is a bipartite protein that belongs to the family of methyl-CpG-binding domain (MBD) proteins and consists of an N-terminal MBD domain that is linked to a C-terminal DNA glycosylase domain ([@gks714-B5],[@gks714-B6]). MBD4 is a nuclear protein and co-localizes to heterochromatin sites in mouse cells in DNA methylation-dependent manner ([@gks714-B7],[@gks714-B8]). MBD4 interacts with the mismatch repair protein MLH1 ([@gks714-B9]), Fas-associated death domain protein ([@gks714-B10]) and DNA methyltransferases Dnmt1 and Dnmt3b ([@gks714-B8],[@gks714-B11]) suggesting a potential link between post-replication repair, apoptosis and DNA methylation. Mutations of MBD4 gene were detected in tumours with defective DNA mismatch repair; however, disruption of MBD4 in mouse causes a small 2- to 3-fold increase in C→T mutations at CpG sites and did not increase mini-satellite instability suggesting that MBD4 rather act as a modifier and not as driver of tumorigenesis ([@gks714-B12],[@gks714-B13]). The catalytic domain of MBD4^cat^ excises thymines from T•G mispairs at both methylated and non-methylated CpG sequence context, uracil, 5-fluorouracil and also with low efficiency 3,*N*^4^-ethenocytosine, particularly when these bases are opposite a guanine ([@gks714-B5],[@gks714-B6]). It was proposed that MBD4 repairs mismatches resulting from the spontaneous and/or Activation Induced Deaminase (AID)-catalysed deamination of 5mC at CpG sites ([@gks714-B5],[@gks714-B6],[@gks714-B14]). MBD4 belongs to the helix-hairpin-helix (HhH) DNA glycosylase superfamily, named after a conserved structural motif involved in DNA binding ([@gks714-B15]). Among the known HhH enzymes, MBD4 has the shortest sequence following the HhH motif. Crystal structures of the mouse (PDB code 1NGN) ([@gks714-B16]) and the human (PDB code 3IHO) ([@gks714-B17]) unliganded catalytic/glycosylase domain of MBD4 (MBD4^cat^ residues 426--580) have been described and are very similar. So far DNA liganded structure having a target base at the lesion site is not available for the MBD4 protein.

DNA demethylation occurs either in a passive way via inhibition of *de novo* methylation after DNA replication, or by an active process, such as direct enzymatic removal of 5mC residues from DNA. Recent advances in understanding the mechanisms of active DNA demethylation in mammals have identified the ten-eleven translocation family of proteins (TETs) as 5-methylcytosine (5mC) hydroxymethylases. TETs convert 5mC to 5-hydroxymethylcytosine (5hmC) and then further oxidize it to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), both *in vitro* and *in vivo* ([@gks714-B18; @gks714-B19; @gks714-B20; @gks714-B21]). Human TDG (hTDG) excises with high efficiency 5fC and 5caC residues in CpG context ([@gks714-B20],[@gks714-B22]). In addition to TETs-dependent modifications of 5mC residues, a second mechanism was shown, in which AID catalyses conversion of 5mC to thymine via a deamination reaction resulting in a G•T mismatch base pair that is repaired by MBD4 ([@gks714-B14]). Furthermore, AID/Apolipoprotein B mRNA-editing enzyme complex (APOBEC) family of cytidine deaminases can also catalyse conversion of 5hmC to 5-hydroxymethyluracil (5hmU) residue, which is in turn excised by the TDG, MBD4 and single-strand-specific monofunctional uracil-DNA glycosylase 1 (SMUG1) ([@gks714-B23],[@gks714-B24]). These findings suggest a new unexpected role of the mismatch-specific thymine--uracil DNA glycosylases in the control of epigenetic information via removal of oxidation and deamination products of 5mC.

In this study, we characterized and compared substrate specificities of hTDG and MBD4 proteins and obtained high-resolution crystal structures of the catalytic domain of MBD4 (MBD4^cat^) in complex with duplex DNA containing T•G, 5hmU•G or AP•G base-pairs. The roles of the MBD4-initiated BER pathway in the active DNA methylation and prevention of spontaneous mutagenesis are discussed.

MATERIALS AND METHODS
=====================

Oligonucleotides and proteins
-----------------------------

All oligodeoxyribonucleotides containing modified residues and their complementary oligonucleotides were purchased from Eurogentec (Seraing, Belgium) including the following: 30-mer d(TGACTGCATAXGCATGTAGACGATGTGCAT) oligonucleotide for kinetic studies where X is 5hmU, 5caC, 5fC or T and 30-mer d(TGACTGCATAXTCATGTAGACGATGTGCAT) oligonucleotide where target residue X is located in XpT-context and their 30-mer complementary regular oligonucleotides, containing dA, dG, dC or T opposite to a target residue. Unless otherwise stated, 30-mer oligonucleotides where target residues are located in XpG context were used in the DNA repair assays. Oligonucleotides were 5′-end labelled by T4 polynucleotide kinase (New England Biolabs) in the presence of \[γ-^32^P\]-ATP (4500 Ci/mmol; ICN Pharmaceuticals France, S.A., Orsay, France) as recommended by the manufacturers. The 5′-\[^32^P\]-labelled oligonucleotides were annealed to their appropriate complementary oligonucleotides in a buffer containing 50 mM NaCl, 17 mM HEPES--KOH pH 7.2 at 65°C for 3 min as previously described ([@gks714-B25]). The resulting duplex oligonucleotides are referred to as X•C (G, A, T), respectively, where X is a modified residue.

The 12 mer DNA duplex sequence used for crystallization assays is d(CCAGCGXGCAGC)/d(GCTGCGCGCTGG) where X is T or 5hmU. The MALDI--TOF mass spectrometry analysis of the oligonucleotides performed by the manufacturer confirmed their size and homogeneity. In addition, the purity and integrity of the oligonucleotide preparations were verified by denaturing polyacrylamide gel electrophoresis (PAGE). The 10 mM oligonucleotide solutions were mixed in equal proportions in 2 mM Tris--HCl pH 7.0 and hybridized by heating to 65°C for 3 min and cooling down to room temperature over 2 h.

Collection of the purified DNA glycosylases was from the laboratory stock ([@gks714-B26]). Human SMUG1 was purchased from New England Biolabs (Evry Cedex France).

Expression and purification of full-length human MBD4 and TDG proteins
----------------------------------------------------------------------

The expression vectors pET6H-MBD4 and pET28c-hTDG were generously provided by Dr Adrian Bird (University of Edinburgh, Edinburgh, UK) and Dr Alexander Drohat (University of Maryland, Baltimore, MD, USA), respectively. *Escherichia* *coli* Rosetta 2 (DE3) cells transformed with a pET6H-MBD4 or pET28c-hTDG were grown at 37°C in Luria Broth medium, supplemented with appropriate antibiotics, on an orbital shaker to OD~600nm~ = 0.6--0.8. Then temperature was reduced to 30°C and the protein expression was induced by 0.2 mM isopropyl β-[d]{.smallcaps}-galactopyranoside (IPTG; Sigma-Aldrich Chimie S.a.r.l., Lyon, France), and the cells were further grown either for 2 h when inducing expression of hTDG or 15 h when inducing expression of the MBD4 protein. Bacteria were harvested by centrifugation and cell pellets were lysed using a French press at 18 000 psi in buffer containing 20 mM HEPES--KOH pH 7.6, 50 mM KCl supplemented with CompleteTM Protease Inhibitor Cocktail (Roche Diagnostics, Switzerland). Cell lysates were cleared by centrifugation at 40 000*g* for 30 min at 4°C and the resulting supernatant was loaded onto HiTrap Chelating HP column (GE Healthcare, Aulnay sous Bois, France). All purification procedures were carried out at 4°C. The column was washed with buffer A (20 mM HEPES--KOH pH 7.6, 500 mM NaCl, 20 mM imidazole) and bound proteins were eluted in a 0--100% gradient of buffer B (20 mM HEPES--KOH pH 7.6, 500 mM NaCl, 500 mM imidazole). Eluted fractions were analysed by sodium dodecyl sulphate--PAGE and fractions containing the pure His-tagged MBD4 and hTDG proteins were stored at −80°C in 50% glycerol. The concentration of purified proteins was determined by the method of Bradford.

Construction, expression and purification of the MBD4^cat^ proteins
-------------------------------------------------------------------

Coding sequences for MBD4^cat^ were amplified by PCR using the following primers: forward d(GGGCCCCATATGCTTAGCCCCCCACGACGT) and reverse d(CGCCGAATTCTTAATGGTGATGGTGATGGTGAGATAGACTTAATTTTTC) and inserted into pET29b vector (Novagen, Merck4Biosciences, France) at NdeI and EcoRI sites. The MBD4^catD560A^ mutant was constructed by site-directed mutagenesis using Quick Change Kit (Stratagene, Agilent Technologies Sciences de la Vie et Analyse Chimique, Massy, France) with the following oligonucleotides: forward d(GAAGCAGGTGCACCCTGAAGCCCATTAAATAAATATA) and reverse: d(TGATATTTATTTAATTTGTGGGCTTCAGGGTGCACCTGCTTC). The resulting plasmids were introduced into *Escherichia* *coli* DH5α (Invitrogen, Life Technologies SAS, Saint Aubin, France) and the mutation was verified by sequencing (GATC Biotech SARL, Mulhouse, France).

The MBD4^catWT^, MBD4^catD560A^ and MBD4^catQ446A^ mutant proteins were expressed in *E. coli* BL21 (DE3) (Invitrogen). Bacterial cultures were grown at 37°C in 2TY medium and the protein expression was induced by the addition of 0.5 mM IPTG at 28°C during 5 h. Pelleted cells were disrupted by sonication in a buffer containing 50 mM Tris--HCl pH 7.5, 10 mM imidazole, 500 mM NaCl, 10% glycerol and a protease inhibitor cocktail (Sigma-Aldrich). The resulting cell lysate was cleared by centrifugation at 20 000*g* for 30 min at 4°C. The MBD4^cat^ proteins were purified using nickel-affinity chromatography on Ni--NTA agarose column (GE Healthcare) followed by gel filtration chromatography on a HiLoad Superdex S200 26/60 (GE Healthcare) equilibrated in 50 mM Tris pH 7.5, 150 mM NaCl and 10% glycerol. The chromatography fractions containing highly purified MBD4^cat^ proteins were concentrated in a Vivaspin concentrator (Sartorius, Biohit France S.A.S., Dourdan, France) up to concentrations of 3 mg/ml.

Crystallization and structure determination of MBD4^cat^
--------------------------------------------------------

Crystallization conditions are summarized in [Table 1](#gks714-T1){ref-type="table"}. For the free-liganded protein and the DNA--protein complexes (140 µM protein and 700 µM 12-mer DNA), conditions were screened using the Qiagen kits Crystals and then manually optimized at 18°C in hanging drop by mixing equal volumes of the protein or protein--DNA solution with precipitant solution. Crystals were transferred to a cryoprotectant solution (paraffin oil or 20% PEG 400) and flash frozen in liquid nitrogen. Diffraction data were collected at 100K on the PROXIMA I beamline at SOLEIL synchrotron (Saint-Aubin, France) and intensities were integrated with the program XDS ([@gks714-B27]) for all crystals except that of AP•G complex which was collected on ID29 beamline at ESRF (Grenoble). Data collection and processing statistics are given in [Table 1](#gks714-T1){ref-type="table"}. Structure determination of all crystals was performed by molecular replacement with PHASER ([@gks714-B28]) using first the coordinates of the free-liganded structure (PDB code 3IHO) for our free-liganded structure at a better resolution and next our model for the DNA--protein structures. Refinement was performed using BUSTER ([@gks714-B29]) and electron density maps were evaluated using COOT ([@gks714-B30]). The refined models include 138 residues (from 437 to 575). Refinement details of the six structures are shown in [Table 1](#gks714-T1){ref-type="table"}. Molecular graphics images were generated using PYMOL (<http://www.pymol.org>). Table 1.Crystallographic data and refinement parametersPDB codeWTW +  AP•G DNAmutant + T•G DNAmutant +  HMU•Gmutant + HMU•Gmutant + HMU•G(5hmU1)(5hmU2)(5hmU3)4E9E4E9F4E9G4E9H4EA44EA5**Precipitant**30% PEG 4000, 0.1 M Tris--HCl pH 8.5, 0.2 M MgCl~2~25% ethylene glycol15% PEG MME 2000, 0.1 M Mes pH 6.5, 0.2 M NaAcetate25% PEG 1500, 0.1 M HEPES pH 7.520% PEG 4000, 0.1 M NaCitrate pH 5.6, 20% Isoprapanol20% Jeffamine M2070, 20% dimethylsulfoxite**Data collection**    Beamline,PX1ID29PX1,PX1,PX1PX1    synchrotronSOLEILESRFSOLEILSOLEILSOLEILSOLEIL    Space groupH3P2~1~2~1~2~1~P2~1~2~1~2~1~P2~1~2~1~2~1~P2~1~2~1~2~1~P2~1~2~1~2~1~Cell parameters    *a, b*81. 81.41.1 55.840.1 61.541.1 96.740.3 63.238.5 99.8    *c* (Å)74.596.696.555.194.853.5    α, β, γ (°)90 90 12090 90 9090 90 9090 90 9090 90 9090 90 90Resolution (Å)40--1.9 (2.02--1.9)38--1.8 (1.9--1.8)38--2.35 (2.49--2.35)47--3 (3.18--3)37.9--2 (2.12--2)36--2.15 (2.27--2.15)No. of observed reflections59 217 (5383)116 349 (18532)29 916 (4785)19 926 (3218)92 323 (14 935)81 113 (12 105)No. of unique reflections13 475 (1661)21 525 (2364)10 209 (1603)4698 (736)16 435 (2634)11 828 (1783)R*~sym~* (%)8.9 (77.6)6.3 (64.7)5.5 (45.5)14.8 (71.4)7.8 (88)17 (79.5)Completeness (%)94 (72)99.6(98.5)98 (98)99.2 (98.9)96.3 (97.4)99.2 (95.6)I/σ10.9 (1.9)13.3 (2)13.9 (2.3)10.1 (2.15)14.1 (1.9)8.2 (2.4)**Refinement***    R~cryst~* (%)19.2821.420.517.322.419.1*    R~free~* (%)21.8224.825.825.726.423.5    rms bond deviation (Å)0.010.010.010.010.010.01    rms angle deviation (°)0.931.071.181.231.161.1    Average B (Å^2^)    protein35.338.343.341.232.426.8    DNA (C; D)57.5; 54.756.2; 64.961.1; 66.544.8; 54.239; 35.5    Solvent39.84944.428.236.937.6[^1]

DNA glycosylase activity assays
-------------------------------

The standard reaction mixture (20 μl) contained 5 nM of 5′-\[^32^P\]-labelled oligonucleotide duplex in 20 mM HEPES--KOH pH 7.6, 50 mM KCl, 1 mM EDTA, 1 mM DTT, 0.1 mg/ml bovine serum albumin and 50 nM of purified enzyme, unless otherwise stated. For Udg, Mug, AlkA and MutY protein reactions were performed in the buffer containing 70 mM HEPES--KOH pH 7.6, 0.5 mM EDTA, 1 mM DTT, 0.1 mg/ml BSA and 1.5% glycerol, for MutY, incubation buffer was supplemented with 5 µM ZnCl~2~. Incubations were carried out at 37°C for 30 min, the reaction was stopped by adding 0.1 M NaOH and the samples were heated at 99°C for 3 min to cleave the DNA at abasic sites and then solutions were neutralized by adding 0.1 M HCl.

The resulting samples were desalted by hand-made spin-down columns filled with Sephadex G25 (Amersham Biosciences) equilibrated in 7.5 M urea. Purified reaction products were separated by electrophoresis in denaturing 20% (w/v) polyacrylamide gels (7 M urea, 0.5× TBE). Gels were exposed to a Fuji FLA-3000 Phosphor Screen and analysed using Image Gauge V3.12 software.

Determination of the kinetic parameters of DNA glycosylase activities
---------------------------------------------------------------------

To measure the kinetic parameters of DNA glycosylases-catalysed excision of modified bases, reactions were performed under single turnover conditions. For this purpose large excess of enzyme over DNA substrate were used under steady-state turnover conditions (\[E\] \>\> \[S\] \> *K*~d~). These conditions provide measurement of a rate constant (*k*~obs~) that is not impacted neither by enzyme--substrate association, nor product release, nor inhibition, such that *k*~obs~ reflects the maximal base excision rate (*k*~obs ~≈ *k*~max~) ([@gks714-B31]). The data were fitted by non-linear regression, and a one-phase exponential association model was used with the following parameters: *Y* = *Y*~max~ × \[1 -- exp(--*k*~obs ~× t)\], where *Y*~max~ is the amplitude, *k*~obs~ is the rate constant and t is the reaction time (in min).

RESULTS
=======

Characterization of hTDG and MBD4 DNA glycosylase activities towards 5mC derivatives
------------------------------------------------------------------------------------

To study DNA glycosylase activities of the hTDG and MBD4 proteins, we used the 5′-\[^32^P\]-labelled 30-mer 5hmU•G, 5fC•G 5caC•G and T•G duplex oligonucleotides, where modified cytosines and mismatched T were placed in a CpG context. Since mono-functional DNA glycosylases devoid of AP site-nicking activity, the oligonucleotides, after incubation with the glycosylases, were subjected to hot alkaline treatment (2 M NaOH at 90°C for 5 min) in order to cleave DNA at abasic sites generated by the excision of modified bases. As shown in [Figure 1](#gks714-F1){ref-type="fig"}, incubation of 5hmU•G with hTDG, MBD4 and MBD4^cat^ generates 10-mer cleavage fragment indicating excision of 5hmU residue at Position 11 (Lanes 3--5). This result confirms previous observations that hTDG and MBD4 can excise 5hmU residue when present in duplex DNA and generate an AP site ([@gks714-B23],[@gks714-B32]). As expected, hTDG but not MBD4s can excise with high-efficiency 5fC and 5caC residues (Lanes 7 and 11). In addition, hTDG and MBD4 excise 5hmU in non-CpG context with similar efficiency (Lanes 15 and 16) when compared with 5hmU positioned in CpG context (Lanes 3 and 4), whereas activity of the MBD4^cat^ protein on 5hmU exhibits some dependence on the sequence context (Lanes 5 versus 17). Comparison of protein concentration dependence and time course kinetics of hTDG, MBD4 and MBD4^cat^ on 5hmU•G showed that hTDG is more efficient than MBD4 enzyme ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). Overall, these results show that MBD4 does not act on 5fC and 5caC residues but can excise 5hmU with good efficiency. Figure 1.Substrate specificity of the hTDG, MBD4, MBD4^cat^ proteins. Duplex oligonucleotides 5hmU•G, 5caC•G, 5fC•G containing 5mC-derivatives in CpG-context and 5hmU•G\* containing 5hmU in CpT-context were used as DNA substrates. The 5′-\[^32^P\]-labelled 30-mer oligonucleotide DNA (5 nM) was incubated with a large excess of the designated DNA glycosylase (50 nM) at 37°C for 30 min. The reaction products were analysed as described in 'Materials and Methods' section.

Next, we characterized the substrate specificity of the MBD4, MBD4^cat^ and hTDG proteins by measuring the cleavage rates of 5hmU•G and T•G duplexes in single turnover kinetics experiments which provide the maximal rate of base excision (*k*~max~) for a given substrate as described in 'Materials and Methods' section ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). As shown in [Table 2](#gks714-T2){ref-type="table"}, the *k*~max~ values for 5hmU excision by MBD4 and MBD4^cat^ are 10- and 7-fold lower when compared with that of hTDG, respectively. As for classic T•G substrate, the *k*~max~ values for all three enzymes were in the same order with hTDG being 2-fold more efficient when compared with MBD4s. Importantly, all enzymes tested were more efficient on 5hmU•G than on T•G duplexes (∼1.5-fold for MBD4s and 6-fold for hTDG) suggesting that MBD4 and hTDG act more specifically on 5hmU bases. As expected, both MBD4 and MBD4^cat^ have very similar substrate specificity ([Table 2](#gks714-T2){ref-type="table"}) confirming that the MBD domain of MBD4 has no catalytic function ([@gks714-B33]). These results together with previously published data ([@gks714-B23],[@gks714-B32]) suggest that *in vivo* both TDG and MBD4 play a role in the removal of deaminated 5hmC residues. Table 2.Kinetic parameters for hTDG, MBD4 and MBD4^cat^ measured under single turnover condition for the removal of 5hmU and T residues when present in duplex DNAEnzyme*k*~obs~≈*k*~max~, min^−1^5hmU•GT•GhTDG7.95 ± 0.261.25 ± 0.04MBD4^cat^1.10 ± 0.060.62 ± 0.02MBD40.78 ± 0.030.55 ± 0.03

Activity of bacterial and human DNA glycosylases on oligonucleotides containing oxidized and deaminated derivatives of 5mC
--------------------------------------------------------------------------------------------------------------------------

We investigated whether 5hmU, 5caC and 5fC residues are also substrates for the previously characterized bacterial and human DNA glycosylases. The 5′-\[^32^P\]-labelled single-stranded and duplex oligonucleotides containing 5hmU•G, 5caC•G or 5fC•G were challenged with a variety of highly purified DNA glycosylases. When using the mono-functional DNA glycosylases, the samples after incubation were subjected to hot alkaline treatment. The *E. coli* DNA glycosylase Mug (a homologue of hTDG) excises 5hmU with good efficiency in duplex DNA, but not in single-stranded form, while Nth and Nei exhibit the same activity but with much lower efficiency ([Figure 2](#gks714-F2){ref-type="fig"}A). In agreement with previous observations all three human DNA glycosylases: TDG, MBD4 and SMUG1 excise 5hmU with good efficiency when it is present in duplex DNA but only SMUG1 was able to excise 5hmU in a single-stranded form ([Figure 2](#gks714-F2){ref-type="fig"}B and [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). In addition, the human homolog of bacterial Nei, NEIL1 can excise, although with weak efficiency, 5hmU residue in duplex DNA. No detectable activity on 5hmU-containing DNA substrates was observed for hUNG2, hNTH1, ANPG70, hOGG1 or NEIL2 glycosylases. Next, we examined the repair of 5caC and 5fC residues by bacterial and human enzymes. Interestingly, the *E. coli* DNA glycosylase Mug can excise with good efficiency 5caC and 5fC residues when present in both single-stranded and duplex DNA ([Figure 3](#gks714-F3){ref-type="fig"}A and [Supplementary Figure S4A](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). Despite being used in molar excess, none of the others *E. coli* DNA glycosylases tested were able to excise 5caC and 5fC residues in DNA ([Figure 3](#gks714-F3){ref-type="fig"}A and [Supplementary Figure S4A](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). When incubating 5caC and 5fC containing DNA substrates with human enzymes, we showed that hTDG excises with high efficiency 5caC and 5fC residues not only when it present in duplex DNA but also in single-stranded form ([Figure 3](#gks714-F3){ref-type="fig"}B and [Supplementary Figure S4B](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). Importantly, DNA repair activities of bacterial and human enzymes on 5fC containing oligonucleotides mimic those on 5caC ([Figure 3](#gks714-F3){ref-type="fig"} and [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). These results indicate that hTDG is a main human enzyme removing carboxylated and formylated cytosines and confirms previous findings by other laboratories ([@gks714-B20],[@gks714-B22]). The hUNG2, hNTH1, ANPG70, hOGG1, NEIL2 and hSMUG1 glycosylases have no detectable activity on 5caC and 5fC substrates, whereas MBD4 and NEIL1 exhibited very weak activity on 5caC substrates ([Figure 3](#gks714-F3){ref-type="fig"} and [Supplementary Figures S3](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1) and [S4](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). Figure 2.Enzymatic activity of various *E. coli* and human DNA glycosylases on dsDNA and ssDNA containing single 5hmU residue. (**A**) DNA glycosylase activities of the *E. coli* Ung, Mug, AlkA, Tag, Nth, MutY, Fpg and Nei proteins. (**B**) DNA glycosylase activities of the human UNG2, hTDG, MBD4, APNG70, NTH, OGG1, NEIL1 and NEIL2 proteins. The 5′-\[^32^P\]-labelled 5hmU•G and 5hmU (5 nM) were incubated with a large excess of the designated DNA glycosylase (50 nM) at 37°C for 30 min. The reaction products were analysed as described in 'Materials and Methods' section. Figure 3.Enzymatic activity of various *E. coli* and human DNA glycosylases on dsDNA and ssDNA containing single 5caC residue. (**A**) DNA glycosylase activities of the *E. coli* Ung, Mug, AlkA, Tag, Nth, MutY, Fpg and Nei proteins. (**B**) DNA glycosylase activities of the human UNG2, hTDG, MBD4, APNG70, NTH, OGG1, NEIL1 and NEIL2 proteins. The 5′-\[^32^P\]-labelled 5caC•G and 5caC (5 nM) oligonucleotide were incubated with a large excess of the designated DNA glycosylase (50 nM) at 37°C for 30 min. The reaction products were analysed as described in 'Materials and Methods' section.

Crystal structures of ligand-free and substrate-bound MBD4^cat^
---------------------------------------------------------------

In order to get insight into the structural bases of substrate specificity and catalytic mechanism of human MBD4, we performed crystallographic studies of MBD4^cat^ complexed with its DNA substrates. For this purpose, a catalytically inactive MBD4^cat^ mutant has been generated. Previous studies of the crystal structure of the C-terminal domain of murine MBD4 revealed that it is a member of the HhH DNA glycosylase superfamily similar to AlkA and OGG1 and that the conserved amino acid D534 is a putative catalytic residue ([@gks714-B16]). To examine the role of the corresponding catalytic D560 residue in human MBD4 protein, we obtained mutant MBD4^catD560A^ and characterized its DNA glycosylase activity. As expected, MBD4^catD560A^ exhibits a drastic, \>50-fold, decrease in excision rate of 5hmU residue in 5hmU•G duplex when compared with the wild-type MBD4^cat^ protein ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)) suggesting that D560 is indeed essential for catalytic activity and that this inactive mutant protein can be used to obtain complex with DNA substrate.

We determined five high-resolution X-ray structures of binary complexes with a 12-mer DNA containing either an 5hmU•G (3 Å, 2 Å and 2.15 Å resolution named 5hmU1 (5hmU is in a productive state), 5hmU2 (in a non-productive state) and 5hmU3 (in a disordered state), respectively, in [Table 1](#gks714-T1){ref-type="table"}) or a T•G mismatch (2.35 Å resolution) or AP•G (1.8 Å resolution) at Position 7. We also determined an unliganded structure at higher resolution (1.9 Å) than that deposited in the PDB (3IHO, 2.7 Å) ([@gks714-B17]) which was used first as a search model for phasing determination by molecular replacement.

The structures of all DNA complexes share neighbouring crystal packing with an asymmetric unit containing an MBD4^cat^ monomer bound to the 12-mer DNA. All MBD4^cat^ molecules are very similar with an average root-mean-square deviation (RMSD) value of 0.4 Å between 137 Cα atoms. The unbound MBD4^cat^ also resemble the DNA-bound MBD4^cat^ molecules with an average RMSD value of 0.6 Å between all defined Cα atoms. Only two loop regions (residues 466--471 between helices α2 and α3 and residues 503--508 between helices α5 and α6) can move up to 2 Å to accommodate a bound DNA. Thus, MBD4^cat^ does not require significant conformational changes for DNA binding. All 12-mer DNA bound to MBD4^cat^ show the same large distortion at the target base ([Figure 4](#gks714-F4){ref-type="fig"}A) similarly to what has been observed for HhH DNA glycosylases. MBD4^cat^ bends the DNA 55°, which is roughly the same as the bend induced by MutY and EndoIII ([@gks714-B34]). The flipped-out abasic site, thymine and 5hmU from 5hmU1 structure are well defined in electron density map into the enzyme active site pocket defined by residues 447--449, 560--562, Leu466, Gly471 and Tyr540 ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). The bases superimpose well and make the same protein interactions ([Figure 4](#gks714-F4){ref-type="fig"}B). Their O4 and O2 atoms interact with the main chain amino group of Val448 and the Tyr540 side chain, respectively. Both N3 and O2 interact with the side chain of Gln449. The mutant MBD4^catQ449A^ is completely inactive towards all DNA substrates tested indicating the essential role of Gln449 in substrate recognition and stabilization ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). The 5-hydroxymethyl group of 5hmU does not make protein interaction. Figure 4.MBD4^cat^-DNA binding. (**A**) Ribbon representation showing MBD4^cat^ (in grey) and the superposition of the whole DNA fragments. The mismatched thymine, AP site and 5hmU bases in productive, non-productive binding and mobile state are coloured pink, green, slate, yellow and orange, respectively. N- and C-termini are indicated. (**B**) Superposition of MBD4^catD560A^ 5hmU•G and T•G complexes, flipped-out 5hmU in a productive binding and thymine are shown in slate and pink respectively. Residues involved in the interactions are labelled and shown as sticks and hydrogen bonds (distances \<3.2 Å) are shown as black dashes. (**C**) Residues (in grey) involved in the interactions with the orphan guanine (pink and atom colours) are labelled and shown as sticks. Hydrogen bonds (distances \<3.2 Å) are shown as black dashes.

MBD4^cat^ binds DNA via three regions (the loops 466--471 and 503--511 and the Gly-rich hairpin loop of HhH motif 534--541) and interacts mostly with the strand containing the substrate base. The loop 466--471 penetrates into the DNA duplex through the minor groove and Arg468 fills the space in the DNA duplex vacated by the flipped nucleotide or AP site. In T•G, AP•G and 5hmU1•G structures, its guanidinium group interacts with both the phosphate groups 5′ of two bases upstream and 3′ to the productive target base or AP site ([Figure 4](#gks714-F4){ref-type="fig"}C). The main chain carbonyl groups of Arg468 and Leu506 pack against the opposite guanine and provide specific hydrogen bonds to its N1 and N2 atoms ([Figure 4](#gks714-F4){ref-type="fig"}C).

Notably, Arg468 seems to have a key role in locking the flipped-out base in a productive binding for catalysis. Indeed, this mobile residue can move more the 5 Å as observed between the productive and non-productive complex ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). In both 5hmU2 (5hmU is in a non-productive state) and 5hmU3 (5hmU is disordered) structures, Arg468 interacts with the O6 atom of the unpaired G. The 5hmU2 structure reveals a flipped-out 5hmU located at the entrance of the active site pocket in a position incompatible with the presence of the catalytic residue Asp560. The C1′ atom is 2.1 Å away from its position observed in the productive complex ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). The 5hmU3 structure shows a disordered 5hmU base despite the presence of a distorted bound DNA. However, a symmetric cytosine of the disrupted terminal C•G base pair is held into the active site pocket of the enzyme preventing any target base penetration for a productive binding ([Figure 5](#gks714-F5){ref-type="fig"}). This bound cytosine acts as an inhibitor by interacting with the same protein residues as those involved in the flipped-out base recognition. Indeed, Tyr540 and Gln449 make hydrogen bonds with the NH~2~ group and the amino group of Val448 interacts with O2 and N3 atoms. Figure 5.Superposition of 5hmU•G (disordered 5hmU base in orange) and 5hmU•G (productive complex in slate) complexes with the flipped-out thymine shown in sticks. A crystal symmetric terminal cytosine (in cyan) is held in the active site pocket. N- and C-termini are indicated. A close-up view of the polar interactions (distances\< 3.2 Å) between the symmetric cytosine (in cyan) and MBD4 residues (in grey) is shown in the box. The bound cytosine acts as an inhibitor.

DISCUSSION
==========

While this article was submitted for publication, Manvilla *et al.* ([@gks714-B35]) reported the crystal structure of MBD4 in complex with a 11-mer DNA containing an abasic site. Despite lower resolution of the crystal structure (2.76 Å) when compared with our MBD4-AP•G DNA structure (1.8 Å) and differences in the primary sequence of the DNA fragment used, both structures are very similar with an average RMSD value of 0.4 Å between all defined Cα atoms ([Supplementary Figure S8](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). Both MBD4-AP•G DNA structures exhibit the same DNA--protein interactions; however, owing to the lack of a base in the enzyme active site pocket in the published structure, functionally important residues that participate in base recognition by MBD4 have not been demonstrated ([@gks714-B35]).

Our work describes the first crystal structures of the catalytic domain of MBD4 in complex with mismatched bases located at the centre of a 12-mer DNA duplex. The thymine and 5hmU mispaired with guanine is extruded from the DNA helix and located in the enzyme active site. The structures revealed that MBD4 specifically recognizes thymine and 5hmU opposite a guanine ([Figure 4](#gks714-F4){ref-type="fig"}). Interestingly, a group such as 5-hydroxymethyl on C5 would have no effect on MBD4 ligand binding as there is no interaction between it and the enzyme. Importantly, it appeared unlikely for a cytosine and oxidized 5mC bases to be trapped in the active site pocket of MBD4^cat^ due to the unfavourable environment of the main chain amino group of Val448 which would create a repulsive force directly towards their NH~2~ group. This structural feature of the active site pocket is consistent with the absence of MBD4 activity on 5hmC, 5caC and 5fC, indicating that the main biological function of MBD4 is to repair mismatched/deaminated cytosine residues. This makes a major difference with mammalian TDG which has broader substrate specificity and can recognize 5caC and 5fC in both duplex and single-stranded DNA ([Figures 1](#gks714-F1){ref-type="fig"} and [3](#gks714-F3){ref-type="fig"} and [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). Previous studies have also shown that 5caC and 5fC residues are substrates only for mammalian TDG proteins ([@gks714-B22]). Repair of 5caC and 5fC residues in other than mammal organisms was unknown. In this study, for the first time, we demonstrated that *E. coli* contains the DNA glycosylase Mug that can efficiently remove 5hmU, 5caC and 5fC from duplex DNA suggesting high evolutionary conservation of the broad substrate specificity of TDG family enzymes. Moreover, Mug and hTDG can efficiently remove 5caC and 5fC from single-stranded DNA. At present, biological role of Mug-catalysed removal of 5mC derivatives is not clear, since bacteria lack genome-wide methylation and TETs enzymes. We also showed that in human cell, NEIL1 can weakly excise 5hmU in addition to TDG, SMUG1 and MBD4 thus confirming previous observation ([@gks714-B36]). Although previous studies have shown that 5hmU residues are substrates for the mammalian mismatch-specific uracil-DNA glycosylase family enzymes SMUG1, TDG and MBD4 ([@gks714-B23],[@gks714-B24]), up to now, no detailed characterization of the substrate specificity of human MBD4 has been performed. Here, we examined the substrate specificity of the full-length human MBD4 protein and MBD4^cat^ towards 5hmU and other oxidized derivatives of 5mC in order to further define the biological relevance of these DNA glycosylases. Detailed characterization of the substrate specificity of the human full-length and catalytic domain MBD4 proteins confirmed previous data showing that MBD4 excises 5hmU residues from 5hmU•G duplex with good efficiency ([Figures 1](#gks714-F1){ref-type="fig"} and [2](#gks714-F2){ref-type="fig"}). Interestingly, MBD4 was somewhat less efficient on 5hmU when compared with hTDG suggesting that later enzyme together with hSMUG1 are major human DNA glycosylases removing 5hmU *in vivo* ([Table 2](#gks714-T2){ref-type="table"} and [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks714/DC1)). Nevertheless, our biochemical data provide evidence for the role of MBD4 as an efficient back-up enzyme which can specifically act in densely methylated CpG regions of chromosomal DNA, where deamination of 5mC and 5hmC is expected to be more frequent. Indeed, the MBD domain may facilitate the localization of MBD4 to methyl-CpG-rich regions of the genome *in vivo*, reflecting a specific role of MBD4 in the repair of 5hmU•G, U•G and T•G mismatches in heterochromatic regions ([@gks714-B37]). Although TDG is endowed with wider substrate specificity when compared with MBD4, it lacks a MBD domain and tends to associate with transcriptionally active euchromatin ([@gks714-B38]) and non-methylated CpG islands to protect them from aberrant DNA methylation ([@gks714-B23],[@gks714-B39]).

Finally, the current crystal structures (especially the 5hmU3 structure) can be used as a template to develop inhibitors of MBD4^cat^ in the context of the active DNA demethylation process in human cells. Increased rate of C→T mutations at CpG sites in *Mbd4*^-/-^ mice ([@gks714-B12],[@gks714-B13]) strongly suggest that MBD4 plays an important role in prevention of spontaneous mutation which could be due to either spontaneous or enzymatically induced deamination of 5mC and 5hmC to T and 5hmU residues, respectively. The fact that 5hmU residues are intermediates of active DNA demethylation that is produced enzymatically by combined action of TETs and AID/APOBEC proteins implies that 5hmU may be generated at significant amount in the cells during reprogramming and cancerogenesis. If not, repaired 5hmU can lead to mutation, therefore human cells hold three DNA glycosylases to ensure efficient repair of this extremely mutagenic derivative of 5mC residue. A recent study on the embryonic lethal phenotype of TDG knockout mice demonstrated that mutation frequencies in a Big Blue transgenic MEFs *Tdg*^−/−^ were similar to that of MEFs *WT* suggesting that the biological role of TDG in the repair of oxidized and/or deaminated cytosine damage may be rather minor ([@gks714-B39]). Furthermore, *Smug1*-knockout mice show no obvious cancer predisposition phenotype possibly implying no increase in spontaneous mutation rate ([@gks714-B40]). These observations point to prevalent role of MBD4 in spontaneous mutation prevention *in vivo*. Indeed, it was shown that TDG is associated with transcriptionally active euchromatin ([@gks714-B37]), whereas MBD4 rather localize in heterochromatin regions which is in general heavily methylated ([@gks714-B7],[@gks714-B8]). It is tempting to speculate that MBD4 may function to remove 5hmU in heterochromatin regions that arise due to active DNA demethylation processes in order to prevent mutation and also to serve as back up enzyme for TDG and SMUG1.
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[^1]: Values for the highest resolution shell are in parentheses.
